Synovial sarcoma expresses multiple cancer testis antigens that could potentially be targeted by T-cell receptor (TCR) gene therapy. In this study we investigated whether PRAME-TCR-gene therapy could be an effective treatment for synovial sarcoma by investigating the potential of PRAME-specific T-cells to recognize sarcoma cells and by evaluating the expression patterns of PRAME and HLA class I (HLA-I) in synovial sarcoma tumor samples. All PRAME expressing sarcoma cell lines, including 2 primary synovial sarcoma cell cultures (passage < 3), were efficiently recognized by PRAME-specific T-cells. mRNA FISH demonstrated that PRAME was expressed in all synovial sarcoma samples, mostly in an homogeneous pattern. Immunohistochemistry demonstrated low HLA-I baseline expression in synovial sarcoma, but its expression was elevated in specific areas of the tumors, especially in biphasic components of biphasic synovial sarcoma. In 5/11 biphasic synovial sarcoma patients and in 1/17 monophasic synovial sarcoma patients, elevated HLA-I on tumor cells was correlated with infiltration of T-cells in these specific areas. In conclusion, low-baseline expression of HLA-I in synovial sarcoma is elevated in biphasic areas and in areas with densely infiltrating T-cells, which, in combination with homogeneous and high PRAME expression, makes synovial sarcoma potentially a suitable candidate for PRAME-specific TCR-gene therapy.
Introduction
Synovial sarcoma (SS) is an aggressive soft tissue sarcoma (STS) that is characterized by a (X;18) translocation resulting in an SS18/SSX1 or SS18/SSX2 fusion protein (or very rarely SS18/SSX4). 1 Different histological subtypes have been described of which monophasic and biphasic SS are most common. Biphasic SS consists of both spindle cell components and epithelial components. The epithelial cells have abundant cytoplasm and ovoid nuclei and the can form glands and papillary structures while the spindle cell compartment consists of small, uniform cells with spars cytoplasm. In monophasic SS, only the spindle cell compartment is present. 1 SS constitutes for approximately 6% of all STS patients and has a 5 year survival rate in adults ranging between 52% and 65% depending on the histological subtype. Survival did not substantially improve over the last three decades. 2, 3 Patients with localized disease have a 10-year survival rate of 69% that drops to below 10% in patients with metastatic disease, 4 illustrating the need for better treatment options for patients with advanced stages of SS. Multiple trials are running using inhibiting molecules to target metabolic pathways in SS and other trials target SS with monoclonal antibodies. 5 In addition, attempts were made to generate immune responses against SS, for example by peptide or dendritic cell mediated vaccination targeting the SS18-SSX fusion proteins or cancer testis antigens. 5, 6 T-cell receptor (TCR) gene therapy with NY-ESO-1 specific HLA-A*02:01 restricted T-cells resulted in objective responses in 11/18 patients including 1 complete response. 7 Recently, preferentially expressed antigen in melanoma (PRAME) was identified as a potential target for immunotherapeutic approaches in sarcoma 8 , with SS expressing the highest levels of PRAME. We previously identified a PRAMEspecific HLA-A*02:01 restricted TCR with potent anti-tumor potential. This PRAME-specific TCR is currently used for the treatment of refractory or relapsed acute myeloid leukemia in a phase I TCR-gene therapy trial (ClinicalTrials.gov NCT02743611) to assess safety and feasibility. 9 In this study, we explore whether patients suffering from SS might benefit from PRAME-TCR-gene therapy by analyzing PRAME mRNA expression levels and by testing in vitro whether sarcomas can be recognized by PRAME-specific T-cells. Heterogeneous antigen expression within tumors can help malignancies to escape from targeted therapeutic strategies so we aimed to evaluate intra-tumoral expression patterns of PRAME. To our best knowledge, there is no PRAMEspecific antibody available that is suitable for use in formalin fixed paraffin embedded tissue samples. To overcome this problem, we developed and tested a PRAME-specific mRNA fluorescence in situ hybridization (mRNA-FISH) technique to assess PRAME expression patterns in SS. Furthermore, tumorspecific T-cells need HLA class I (HLA-I) expression on tumor cells to be able to recognize their antigenic peptide presented in the context of HLA-I, thereby leading to execution of their anti-tumor effect. Therefore, we studied the expression and distribution of HLA-I in SS samples and investigated in more detail the variable HLA-I expression.
Results
Synovial sarcomas express PRAME at a high level and are efficiently recognized by PRAME-specific T-cells
We first assessed PRAME expression in a panel of 158 sarcomas using publicly available mRNA expression data. A substantial part of the different sarcoma types expressed PRAME and all SS (35/35) and EWSR1-NFATc2 translocation positive Ewing sarcomas (8/8) expressed PRAME at high levels ( Figure 1a) . Next, the recognition potential of PRAME specific T-cells was tested against a panel of 26 sarcoma cell lines, including one SS cell-line (SYO-1) and 2 primary SS cultures, L2701 and L2521, both of passage ≤ 3. All sarcoma cells that were PRAME positive (19/25) , as measured by real-time quantitative polymerase chain reaction (rt-qPCR), were recognized by PRAME-T-cells and PRAME negative cell-lines were not ( Figure S1 ). Flow cytometric analyses demonstrated that interferon (IFN) stimulation resulted in up regulation of HLA-I in all different sarcoma cell-lines, with IFNγ being more potent than IFNα (Figure 1b-c, Figure S1 ). IFN pretreatment of the sarcoma cells also resulted in increased recognition by the PRAME-T-cells ( Figure S1 ). HLA-A*02:01 positive L2521 primary SS cells were efficiently recognized by PRAME-T-cells, even without IFN treatment (Figure 1d ). HLA-A*02:01 negative L2701 primary SS cells were not recognized (not shown). Transfer of HLA-A*02:01 into L2701 and the SS cell-line SYO-1 resulted in efficient recognition by PRAME-T-cells which was further increased by IFN stimulation (Figure 1d ). In summary, PRAME is highly expressed in 100% of SS, and its expression can be targeted by PRAME-T-cells. Furthermore, the HLA-A*02:01 restricted recognition of sarcoma cells by PRAME-T-cells can be increased by IFN treatment. Figure 1 . PRAME and HLA-I expression in synovial sarcoma and recognition by PRAME-T-cells. a) PRAME expression in sarcoma as measured by mRNA-micro array. Horizontal line represents arbitrary cut-off value for PRAME positivity. Circles highlight high expression in all SS and EWS-NFATc2 translocation positive Ewing sarcomas. b-c) Primary SS (p ≤ 3) L2521 (b) and L2701 (c) were analysed by flowcytometry to assess total HLA-I surface expression after stimulation with 300u/ml of IFNα (IFNα) or 100u/ml IFNγ (IFNγ) for 18h. d) PRAME-T-cells (PRAME) were stimulated with primary SS cells L2521 and HLA-A2 transduced L2701 (L2701-A2), and SS cell line SYO1 transduced with HLA-A2 (SYO-1-A2). IFNγ production by the T-cells was measured after 18h of stimulation by standard ELISA. A CMV specific HLA-A2 restricted T-cell clone (CMV) served as negative control, and the USP11 specific HLA-A2 restricted T-cell clone (USP11) served as positive control. Synovial sarcoma cells were treated with 300u/ml of IFNα, (IFNα), 100u/ml IFNγ (IFNγ) or nothing (none) before stimulation. PRAME is homogeneously expressed in the majority of synovial sarcoma patients
We evaluated the intra-tumoral PRAME expression patterns in primary and metastasized SS of both biphasic and monophasic morphology. Since no reliable antibody against PRAME exists for staining formalin fixed paraffin embedded (FFPE) tumor samples, we developed a PRAME specific mRNA fluorescence in situ hybridization (FISH) technique for PRAME detection in FFPE tissue samples (see supplementary data). PRAME expression patterns were assessed in FFPE tissue sections of 52 primary and metastasized SS samples derived from 29 patients. PRAME and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe sets with different labels were hybridized together to a single slide of each tumor. 45/52 Tumors demonstrated appropriate staining with the GAPDH probe set, confirming good mRNA quality, and therefore suitability for analysis. All 45 tumor samples analyzed from 26 patients demonstrated PRAME expression. 22 of 26 patients, including 14 monophasic patients, 7 biphasic patients and one poorly differentiated patient, homogeneously expressed PRAME in all tumor samples tested (Figure 2a-d) . One monophasic SS patient (pt. 15) demonstrated heterogeneous expression of PRAME (50-90% PRAME + cells). Three biphasic patients demonstrated a heterogeneous pattern of PRAME expression in at least one of the tumor samples tested (2 patients with 50-90% PRAME + cells, 1 patient with Figure 2 . PRAME mRNA expression patterns in synovial sarcoma. Combined images of PRAME and GAPDH mRNA probe sets hybridized together to FFPE synovial sarcoma sections. PRAME and GAPDH molecules are visualized as refraction limited spots in red and green respectively. PRAME specific signals are visualized as red dots of which examples are indicated above open triangles. GAPDH specific signals are visualized in green of which examples are indicated above closed triangles. The DAPI nuclear counterstaining is visualized in blue to outline the morphology of the tissue. (a-b) Representative images of 14/15 monophasic SS patients analysed, demonstrating homogeneous expression (> 90% of cells +) of both GAPDH and PRAME mRNA molecules. (c-d) Representative images for 16/21 biphasic SS from 7/10 patients demonstrating homogeneous expression of both GAPDH and PRAME mRNA molecules. (e) Representative image for SS21-SS23, all derived from biphasic SS patient 7 demonstrating both PRAME positive (+) and PRAME negative (-) cells throughout the whole tumours while the internal control GAPDH stained homogeneously. (f) Representative image of biphasic SS46, in which GAPDH stains homogeneously positive while small areas with PRAME positive cells (+) were seen between larger areas of PRAME negative cells (-).
10-50% PRAME + cells) (Figure 2e-f) . We confirmed these results by performing a dye mirrored experiment which gave identical results. In summary, PRAME was homogeneously expressed in 85% of SS patients.
Synovial sarcomas have a low baseline expression of HLA class I that is up regulated in specific areas
Since HLA-I expression on tumors is essential for T-cells to become activated and execute their anti-tumor effect, we assessed HLA-I expression on the same 52 FFPE by immunohistochemistry (IHC) with antibodies directed against HLA-A, HLA-B/C and β 2 microglobulin (B2M). Samples that were derived from the same patient mostly showed identical staining patterns for HLA-I (table S1). When multiple tumors were available of a single patient, the average scoring of the different blocks was used for statistical analysis.
Eleven of the 17 monophasic patients had weak, focal expression of HLA-I on their tumors. The HLA-I expression on these tumors could be visualized by minimally one of the HLA-I antibodies, but did not reach the level of HLA-I that was observed on the endothelial cells in the same slide (Figure 3a-b) . This HLA-I staining pattern was comparable to normal, healthy connective tissue (Figure 3c ). In the other 6 monophasic patients heterogeneous HLA-I expression on the tumor cells of the different tumor samples was observed. The HLA-I expression in large areas of these tumors was low, but these areas were alternated with areas of tumor cells with elevated HLA-I expression that was similar to the HLA-I expression observed on the endothelial cells in the same slide (Figure 3d -e). Finally, one small lung metastasis demonstrated homogeneous high expression of HLA-I (Figure 3f ). Interestingly, from one monophasic tumor (SS35), we had both an FFPE tissue block as well as primary cultured cells (L2521) available. This tumor demonstrated heterogeneous HLA-I expression (Figure 3d ) and the L2521 primary SS cells that were derived from this tumor, demonstrated high HLA-I expression ( Figure 1b ) and were efficiently recognized by PRAME-T-cells (Figure 1d ).
Only one biphasic SS patient demonstrated no HLA-I on the tumor cells (Figure 4a) , and one patient demonstrated weak, focal HLA-I expression (Figure 4b) . The majority of patients (9/ 11) with biphasic SS demonstrated heterogeneous HLA-I expression (Figure 4c-e) . The HLA-I up regulation in the HLA-I heterogeneous expressed tumors was mainly present in the differentiated biphasic component of the biphasic SS (Figure 4c ). This was especially clear in tumors of two patients (pt. 8 and 30) where the biphasic components were differentiated into epithelial-like ducts. In these 2 tumors (SS24 and SS53), the ducts demonstrated strongly elevated HLA-I expression compared to the spindle cell compartments in between the ducts (Figure 4e ). Finally, we analyzed 1 poorly differentiated SS which was heterogeneous for HLA-I (Figure 4f ).
In summary, the tumors of biphasic SS patients demonstrated significantly more heterogeneous expression of HLA-I than the tumors of monophasic SS patients (9/11 vs. 6/17, Fisher's Exact Test, p = 0.024). Our results illustrate that SS has a low baseline level of HLA-I expression, similar to healthy connective tissue, but that HLA-I expression is often elevated in selected areas of the tumor, especially in the biphasic component of biphasic SS (table S1 ). 
In synovial sarcoma, HLA-I up-regulation is associated with dense T-cell infiltration
Since not all HLA-I up regulation in SS could be explained by differentiation into the biphasic component of SS, we investigated whether HLA-I expression was accompanied by infiltration of T-cells. IHC with an anti-CD3 mAb was performed on the FFPE tissue sections of all patients. The average infiltration throughout the whole slide was scored, since in part of the tumor samples the T-cells were not evenly distributed throughout the tumor sections. We observed low T-cell infiltration (0- To further investigate a potential correlation between T-cell infiltration and HLA-I expression in SS, we digitally overlaid the whole slide images of CD3 and HLA-I stained slides from consecutive sections. We identified 10 tumors (3 with high average T-cell infiltration, 3 with intermediate average T-cell infiltration and 4 with low average T-cell infiltration), derived from 6 patients of which 5 were biphasic and 1 was monophasic, in which we demonstrated clear co-localization of infiltrating T-cells and HLA-I up regulation on tumor cells. In these cases, tumor areas that were densely infiltrated with T-cells showed elevated levels of HLA-I on the tumor cells compared to tumor areas that were not densely infiltrated with T-cells ( Figure 5 a-d) .
To investigate whether these infiltrating T-cells were activated, we performed IHC with an mAb directed against T-bet on all 10 tumor sections that showed co-localization of T-cells and up regulated HLA-I expression on tumor cells. In all 10 slides, the T-cells in these tumor areas were expressing T-bet (Figure 5e-h) , a transcription factor that regulates IFN-y production, suggesting that the T-cells were activated.
In summary, up regulation of HLA-I expression on the tumor cells in monophasic and biphasic SS is associated with infiltration of T cells in these specific areas or with differentiation into the biphasic component of the SS cells.
Discussion
Our results demonstrate that PRAME is highly expressed in 100% of SS and that in the majority of SS patients, PRAME expression exhibits a homogeneous expression pattern. SS has low intrinsic HLA-I expression similar to the surrounding connective tissue, but its expression was elevated in specific areas of the tumors, especially in biphasic components of biphasic synovial sarcoma, and in areas with densely infiltrating T-cells. Furthermore, we demonstrated that PRAME-Tcells efficiently recognized SS cells, and that this recognition can be increased upon IFN stimulation, indicating that they can kill SS tumors when HLA-I expression is high enough.
These results demonstrate that synovial sarcoma is a suitable candidate for PRAME-specific TCR-gene therapy.
Although the mechanism behind elevated PRAME expression in SS is still unknown, we and others 8 did not find a single SS without expression of PRAME at the RNA level. This suggests that the gene is either essential for the survival of this tumor or that its expression is directly regulated by the oncogenic fusion gene that makes this tumor to thrive. In addition, PRAME was homogeneously expressed in 85% of all patients investigated, making it less likely for this tumor to develop PRAME negative escape variants in reaction to PRAME-specific TCR-gene therapy when compared to similar approaches targeting other tumor associated antigens, e.g. NY-ESO-1 or MAGE-1. 10 The high and mostly homogeneous expression indicates that all HLA-A*02:01 positive SS patients could be treated with PRAME-specific T-cells, which might be favorable to the earlier used approach targeting NY-ESO-1.
7 NY-ESO-1 is expressed heterogeneously in SS, with only 56% of tumors expressing the antigen in more than 50% of the tumor cells.
11 PRAME-TCR engineered T-cells could be used for the treatment of other cancers as well, including medulloblastoma, since many tumor types express PRAME.
8-10,12-14 PRAME-TCR engineered T-cells are currently used for the treatment of refractory or relapsed acute myeloid leukemia (AML) in a phase I TCR-gene therapy trial (ClinicalTrials.gov NCT02743611). However, in contrast to synovial sarcoma, prior testing for PRAME expression in tumor samples will be essential, since not all AMLs are PRAME positive. Our expression array data indicate that EWSR1-NFATc2 translocation positive Ewing sarcomas might also be a suitable candidate for PRAME-TCR gene therapy, since 100% of tumors tested are PRAME positive, and high levels of T cell infiltration were already described by Szuhai et. al. 15 Although we did not demonstrate PRAME expression at the protein level in the tissue sections, we did demonstrate a clear relation between high PRAME mRNA levels and recognition by PRAME-T-cells in 25 sarcoma cell lines including 3 SS cell lines. In the past, this relation was demonstrated in more than 50 other cancer cell lines as well. 9 , 16 We hereby proofed that mRNA expression leads to the expression of the relevant PRAME peptide because PRAME-T-cells could only have recognized the sarcoma cells if the PRAME peptide was processed by the proteasome and presented in the context of HLA-I. Whether a full length and functional protein is transcribed as well is not certain, but not relevant either, because expression and processing of the 9-amino acid long peptide is enough for T-cell recognition.
PRAME cannot be targeted by CAR-T-cells because it is an intracellular protein that is not expressed on the cell surface. Therefore, it has to be processed and presented in the context of HLA-I before it can be targeted by T-cells. Many SS cases exhibit a low HLA-I baseline level, resembling the expression on other cells from mesenchymal origin, e.g. healthy muscle tissues. [17] [18] [19] However, in part of the SS samples we observed heterogeneous up regulation of HLA-I, especially in the glandular formations and biphasic nests of biphasic SS, suggesting that HLA-I up regulation could be explained by a differentiation process towards epithelium. We hypothesize that during the differentiation of biphasic SS, the tumor cells up regulate HLA-I in a similar process as occurs during normal epithelial differentiation of healthy cells.
Furthermore, in 5/10 biphasic SS and 1/16 monophasic SS patients, we found co-localization of dense infiltration of T-bet positive T-cells and HLA-I up regulation on the tumor cells. The underlying mechanism of co localization of T-cell infiltration and HLA-I up regulation on the tumor cells cannot be extracted from our data. Whether the infiltrating T-cells got activated, produced cytokines and thereby elevated HLA-I expression or that they were attracted to tumor cells with elevated HLA-I expression remains unclear. Another possibility is that a third, environmental factor both stimulated HLA-I expression on SS cells and attracted the infiltrating T-cells. If it is a third, environmental factor, this could explain why we see the co-localization more often in biphasic SS. Due to its intrinsic capability to differentiate towards epithelium, [20] [21] [22] biphasic SS might be more prone to up regulate HLA-I in response to environmental factors that also attract infiltrating T-cells. The phenomenon of co-localization of infiltrating T-cells and HLA-I up regulation was described in other sarcomas as well, e.g. osteosarcoma. 23 The low HLA-I expression that was observed in many synovial sarcoma cases might be one of the reasons for PRAME-T-cell therapy to fail. However, Robbins et. al. already demonstrated favorable results with HLA-A*02:01 dependent NY-ESO1 specific TCR-gene therapy in this tumor 7 . We hypothesize that the low HLA-I expression in SS will be enough to initiate activation of T-cells. Activation of TCR-modified T-cells will lead to excretion of cytokines and we believe that this might attract more inflammatory cells and enhances HLA-I expression on SS cells, thereby partly overcoming the observed low HLA-I expression on SS. When further research demonstrates that responses to TCR-gene therapy correlate with HLA-I expression levels in SS, TCR-gene therapy might be combined with agents that enhance HLA-I expression, e.g. IFNα. Immune checkpoints might become overexpressed during treatment with PRAME-T-cells forming another problem. If this is the case, TCR-gene therapy might be combined with immune-checkpoint blockade as well.
In conclusion, we demonstrated that PRAME is a suitable target for TCR-gene therapy of SS because of its high and mostly homogeneous expression pattern. Furthermore, we demonstrated heterogeneous expression of HLA-I in SS, correlating with differentiation into epithelial structures in biphasic SS and with infiltration of T cells.
Materials and methods
mRNA micro-array analysis mRNA expression data from Ewing sarcomas, synovial sarcoma, osteosarcomas, BCOR-CCNB3 translocation sarcomas and EWSR1-NFATc2 translocation positive Ewing sarcomas were downloaded from the Gene Expression Omnibus (GSE20196, GSE2109, GSE14827, GSE2110, GSE34620, GSE12102, GSE34800 and GSE60740). The java based Chipster software was used for quality control and integrated gcRMA normalization. 24 
Human material
Human tissue was handled in a coded fashion, according to Dutch national ethical guidelines ("Code for Proper Secondary Use of Human Tissue," Dutch Federation of Medical Scientific Societies) as reviewed and approved by the LUMC ethical board (B17.033). Primary SS cells were obtained from tumor resections as previously described. 25 Formalin fixed, paraffin embedded (FFPE) tissue blocks that were archived between 2005 and 2015 were collected from our pathological archives including 24 primary tumors, 8 recurrent tumors and 21 metastasis from a total of 29 patients. From nine patients in our series multiple tumors were available. All tumors were confirmed to be SS based on histology and genetic testing for (X;18) rearrangements in routine diagnostics. Tumors were divided in biphasic and monophasic SS based on histological findings. Ten consecutive sections of 4 µm-thick were cut from each tumor.
Cell lines
Sarcoma cell lines were cultured in Iscove's Modified Dulbecco's Medium (IMDM; Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum (FBS; Gibco, Life Technologies, Carlsbad, California). The following sarcoma derived cell-lines were used: Ewing sarcoma: L1062, EW7 25 , IOR/BRZ which was kindly provided by Katia Scotlandi, CRS Laboratory of Experimental Oncology-Rizzoli Orthopaedic Institute, 26 Sk-N-MC, STA-ET2.1, RD-ES, CADO-ES, A673, TC71, SK-ES1 and EW3; 27 osteosarcoma: Saos-2, HOS143b, SJSA1, U2-OS, ZK58, MG63 and OHS; 27 rhabdomyosarcoma: RD (ATCC: HTB-166), RH30, A204 and TE671 (DSMZ: ACC-489, ACC-250 and ACC-263, respectively) and from synovial sarcoma: SYO-1, which was a kind gift from Akira Kaway, National Cancer Center Hospital, Tokyo.
28
Quantitative real-time PCR PRAME expression was measured by quantitative real-time polymerase chain reaction (rt-qPCR) using Evagreen® (Biotium, Hayward, California) fluorescence as readout. Total RNA was isolated using the micro RNaqueous kit (Ambion, Austin, Texas) before DNA was fragmented with DNAse (Ambion, Austin, Texas) and removed by RNeasy mini kit (Qiagen, Hilden, Germany). cDNA synthesis was performed using oligo dT primers with M-MLV reverse transcriptase (Invitrogen, Carlsbad, California). Primers for amplifying PRAME derived cDNA were 5ʹ CGTTTGTGGGGTTCCATTC 3ʹ and 5ʹ GCTCCCTGGGCAGCAAC 3ʹ. Each sample was run in triplicate using cDNA derived from 20ng of total RNA. The household gene Porphobilinogen Deaminase (PBGD) was used to ensure good cDNA quality. Rt-qPCR expression values for PRAME in sarcomas were normalized to the expression of PRAME in melanoma cell line mel1.14 using the Delta-Ct method.
T-cell recognition assay
T cells were cultured in T-cell medium consisting of IMDM supplemented with 100 IU/ml IL-2 (Proleukine; Novartis Pharma, Arnhem, The Netherlands), 5% FCS and 5% human serum.
The PRAME-specific T-cell clone HSS1 which recognizes the SLLQHLIGL epitope of PRAME in the context of HLA-A*02:01 was used to evaluate whether PRAME-specific T-cells can recognize sarcoma cells. 9 The PRAME specific TCR of HSS1 is currently used for the treatment of refractory or relapsed acute myeloid leukemia in a Phase I TCR-gene therapy trial (ClinicalTrials.gov NCT02743611). Controls included T-cell clone HSS12 recognizing peptide FTWEGLYNV from the ubiquitously expressed gene USP11 in the context of HLA-A*02:01 to confirm HLA-A*02:01 expression, 9 and the negative control clone pp65-A2, 29 also HLA-A*02:01-restricted, recognizing an antigen from cytomegalovirus (CMV), that is not expressed in sarcoma cells.
T-cells were co-incubated with sarcoma cell lines and primary SS cells at responder-to-stimulator ratios of 1:4 . Five thousand T cells were co-incubated with 20.000 sarcoma cells in a round bottomed 96-well plate for 18h. If sarcoma cells were HLA-A*02:01 negative based on genetic testing, we introduced HLA-A*02:01 using retroviral vectors as described previously. 30 After 18 h co-incubation, supernatants were harvested and IFN-γ production was measured by standard enzyme-linked immunosorbent assay (ELISA, Sanquin Reagents, The Netherlands).
Flow cytometry
For flow cytometric analysis of HLA-I expression on sarcoma cells, FITC-labeled monoclonal antibodies (mAb) were used against HLA-A*02:01 (clone BB7.2, BD biosciences, Netherlands) and HLA-ABC (clone W6/32, AbD Serotec, Ltd-Kidlington, UK) as well as an IgG1-FITC isotype control mAb against an irrelevant antigen (Sanquin, Netherlands). Flow cytometry was performed on a FACS Calibur (BD Biosciences, San Jose, CA, USA) and analysed using FlowJo Software (TreeStar, Ashland, OR, USA).
mRNA FISH in FFPE tissues using labelled oligonucleotides
An oligonucleotide probe set against PRAME mRNA was designed using the Stellaris ®FISH Probe Designer (Biosearch Technologies, Petaluma, CA, USA), available online. All probes were individually blasted and probes containing less than two mismatches with any other mRNA molecule were removed. 46 Probes were selected. Oligonucleotide probes recognizing GAPDH were commercially available from Biosearch technologies. For both genes, two probe sets were synthesized and labelled: one probe set labelled with Quasar 570 and one probe set with Quasar 670 (Biosearch Technologies, Petaluma, CA, USA). In all experiments, GAPDH served as an internal control for mRNA quality of the FFPE slides. There was no spectral overlap between Quasar 570 and 670 probe sets.
mRNA-FISH on FFPE slides was performed according to manufacturer's protocol with modifications. Briefly, slides were deparaffinised in xylene and hydrated to 70% ethanol for permeabilization. Auto fluorescence was reduced by incubating slides in 70% EtOH with 0,25% ammonia for 1 hr at RT. Slides were subsequently permeabilized by incubation with 10µg/ml proteinase K (Promega, Madison, WI,USA) at 37°C and dehydrated using ethanol series. Hybridisation was performed under a cover slip for 24 hr in a moist chamber at 37°C. Homemade hybridization mix consisted of the probe sets at a final concentration of 125nM each, 2X SSC buffer, 10% deionised formamide, 10% dextran sulphate, and 0,1 mg/ml yeast tRNA. After hybridization the slides were washed twice with 2X SSC supplemented with 10% formamide for 30 min at 37°C, and subsequently washed with 2X SSC at RT, to remove formamide before dehydration in ethanol series. Sections were then embedded using ProLong™ Gold Antifade Mountant with DAPI (ThermoFisher, Eugene, OR, USA). A Leica DM5500 microscope equipped with a 63X oil immersion lens with a numerical aperture of 1.4 was used to grab images. From each area that was analysed, 5 spectral images (DAPI, FITC, DEAC, Cy3, and Cy5) were aquired. Cy3 and Cy5 showed the refraction limited spots from the Quasar 570 and Quasar 670 probes, respectively, while DAPI was used to show the outlines of cells by staining nuclei. FITC and DEAC images were taken to be able to correct for auto fluorescence. All images were analysed by two independent observers (SJL, KS) who scored all slides individually into the categories homogeneous (> 90% of cells expressing PRAME), heterogeneous (50-90% of cells expressing PRAME), low heterogeneous (10-50% of cells expressing PRAME), or negative (< 10% of cells expressing PRAME).
To verify the use of mRNA FISH in paraffin tissues, five different Ewing sarcoma cell lines with variable expression levels of PRAME were processed into paraffin blocks. Cell lines were cultured in vitro in IMDM medium with 10% FCS (no phenol red), fixed with 10% formalin and a solid pellet was created using the Shandon™ Cytoblock™ Cell Block Preparation System (Thermo Shandon Limited, Cheshire, UK). The resulting "tissue" was then processed by our standard diagnostic laboratory into paraffin to resemble archived paraffin blocks and the mRNA FISH technique was extensively tested.
Immunohistochemical analysis of HLA-I expression and T-cell infiltration
HLA-I expression in SS FFPE tissue slides was analyzed with primary antibodies against HLA-A (HC-A2), HLA-B/C (HC-10) and β2-microglobuline (A139; DAKO, Copenhagen, Denmark). 31 Secondary visualization was performed using a 3,3ʹ-Diaminobenzidine(DAB) based standard laboratory procedure that was described before. 19 Endothelial cells from blood vessels within the tumor served as a positive control for antibody staining. All tumors were scored by two independent observers (SJL and JVMGB/AHGC) and divided into four categories: absent, weakly focally positive, heterogeneous, and homogeneous positive staining. A monoclonal anti-CD3 antibody (AB699, Dako, Netherlands) was used to stain infiltrating T-cells and T-cell infiltration was graded into three groups according to Zhang et. 32 T-bet was stained as described before. 33 All slides were scanned using a Phillips Ultra-Fast Scanner and overlays of consecutive slides were constructed using the corresponding Image Management System (Philips, Eindhoven, Netherlands).
Statistical analysis
Statistical analyses were performed using SPSS software version 23.0 (IBM Corporation, New York, NY, USA). Graphs were constructed using GraphPad Prism software version 7 (GraphPad Software, La Jolla, CA, USA). A Fisher's exact test was performed to analyze differences in HLA-I expression levels between monophasic and biphasic synovial sarcoma and between densely infiltrated and not-densely infiltrated synovial sarcoma. Correlation of expression levels of PRAME as measured by rt-qPCR and mRNA FISH was expressed as a Pearson correlation coefficient.
